INTRODUCTION {#SEC1}
============

Mammalian chromosome ends are protected by nucleoprotein structures called telomeres, and preservation of telomere integrity is essential for genome stability. Telomeres are composed of the shelterin protein complex and a double-stranded tract of short tandem repeats ending in a single-stranded 3′-overhang of the G-strand ([@B1]). It is believed that telomere DNA forms a lariat-like structure called the telomeric loop (T-loop), by invasion of the 3′-overhang into the duplex region of telomeric DNA, forming a displacement loop (D-loop) at the site of invasion ([@B2],[@B3]). Due to their repetitive DNA sequence, unique architecture and bound shelterin proteins, telomeres pose an inherent challenge to the progression of DNA replication, repair and recombination apparatus. The major obstacle is encountering unusual alternative DNA forms such as t-loops, D-loops and Holliday Junctions (HJs), all of which may stall/delay these telomere maintenance processes. Additionally, many telomere maintenance processes are thought to involve homologous recombination (HR)-mediated resolution of telomeric DNA intermediates. For instance, HR-dependent synthesis of new telomeric DNA is believed to be responsible for telomere length maintenance in telomerase negative cancer cells through a mechanism called alternative lengthening of telomeres (ALT) ([@B4]). Furthermore, in ALT cancer cells and some telomerase positive cells, e.g. hTERT-induced cells, germline and activated T-cells, telomeres are very long and heterogeneous; and HR-dependent mechanisms of telomere shortening, called 'telomere trimming', ensure continuance of telomere length homeostasis in these cells ([@B5]). Hence, given the inherent tendency of branched DNA intermediates to form even in normal and undamaged telomeres, the cell must devise special attention toward the processing and removal of these telomeric intermediates to ensure timely progression of telomere replication and other maintenance processes.

The key shelterin proteins TRF1 and TRF2 directly bind to double-stranded telomeric DNA and have been proposed to recruit several different non-shelterin accessory proteins to telomeres, which enable processing of DNA joint molecule intermediates and thereby facilitate unhindered progression of telomere maintenance processes. These mainly include the helicases and the nucleases ([@B1]). Several human DNA helicases such as BLM, WRN, RecQL4, RecQL1 and RTEL1 have been implicated in telomere maintenance ([@B6]--[@B8]). Human nucleases that have roles in telomere maintenance are the exonuclease Apollo ([@B9],[@B10]) and structure-specific endonucleases (SSEs) GEN1 and the Fanconi anemia protein SLX4-associated nucleases ([@B11]--[@B13]). Human SLX4 acts as a scaffold to assemble a DNA repair complex consisting of the SSEs SLX1, MUS81-EME1 and XPF-ERCC1. Interestingly, the SLX4 complex isolated from human cells also contained TRF2 ([@B14]). Previously, we and others have demonstrated that the SLX4-nuclease complex in human cells primarily associates with relatively long telomeres and telomeric localization of this complex is dependent on direct interaction between SLX4 and TRF2 and on a TRF2-counting mechanism ([@B12],[@B13]).

Here, we investigate the mechanistic basis and regulation of the SLX4-assembled complex in maintaining telomere integrity, including replication. We demonstrate that SLX4 maximally associates with telomeres in late S phase and also under genotoxic stress. Disruption of the functional SLX1--SLX4 nuclease module and the SLX4--TRF2 interaction causes phenotypes associated with aberrations in telomere replication or in other joint molecule resolution-requiring processes. We also show that the SLX1--SLX4 complex-sponsored nucleolytic resolution of telomeric DNA intermediates is negatively regulated by other telomere-associated proteins. Thus, we propose that regulated SLX4-nuclease function may constitute an important layer of telomere maintenance, thereby ensuring genome stability.

MATERIALS AND METHODS {#SEC2}
=====================

Telomere detection assays {#SEC2-1}
-------------------------

Telomere fluorescence *in situ* hybridization (FISH) and Chromosome Orientation FISH (CO-FISH) were used to detect fragile telomeres and telomere sister chromatid exchanges (T-SCEs), respectively, and performed as described in ([@B12]). For indirect immunofluorescence coupled with FISH (IF-FISH), cells were stained with primary and subsequently with Alexa Fluor-labeled secondary antibodies, followed by fixation and telomere-FISH as described in ([@B12]). Telomere circle amplification (TCA) assay ([@B15]) that was used to detect telomeric circles (TCs) was performed on genomic DNA extracted from U2OS cells transiently expressing control, anti-SLX4 and/or anti-BLM siRNA for 72 h.

*In vitro* telomeric substrate processing assays {#SEC2-2}
------------------------------------------------

SLX1--SLX4-dependent nuclease reactions were performed as described in ([@B12]). SLX1--SLX4/BLM reactions contained pre-mixed enzymes and were initiated by radiolabeled substrates. For TRF1 and TRF2 protection experiments, radiolabeled substrates were pre-incubated with purified TRF1 or TRF2 on ice for 5 min, followed by addition of SLX1--SLX4 complex.

RESULTS {#SEC3}
=======

SLX4 differentially associates with human telomeres during cell cycle progression {#SEC3-1}
---------------------------------------------------------------------------------

Previously, we have shown that SLX4 along with its associated nucleases primarily localizes to telomeres in human cells possessing a high frequency of long telomeres, such as HeLa 1.2.11 (telomerase positive) and U2OS (telomerase negative, ALT) ([@B12]). To investigate the requirement of SLX4 in different processes of telomere maintenance and during different stages of the cell cycle, we synchronized HeLa 1.2.11 cells by a double thymidine block (Figure [1A](#F1){ref-type="fig"}). Indirect immunofluorescence coupled with telomere FISH (IF-FISH) detected a significant increase, albeit to varying degrees, in SLX4 foci formation in all phases of the cell cycle, compared to the asynchronized cell population (Figure [1B](#F1){ref-type="fig"}). It is noteworthy that a significant fraction of these SLX4 foci colocalized with telomeres in late S phase (4 h) (Figure [1B](#F1){ref-type="fig"}). The chromatin immunoprecipitation (ChIP) analysis of SLX4 further confirmed this trend, showing maximal significant SLX4--telomere association in late S phase (4 h), in addition to lesser, but significant association in G1/S (0 h) phase (Figure [1C](#F1){ref-type="fig"}). Thus, the significant association of SLX4 with telomeres throughout the cell cycle accentuates an important role for SLX4 in various processes of telomere maintenance, including during and after telomere replication.

![SLX4 foci formation and association with telomeres during cell cycle progression in HeLa 1.2.11 cells. (**A**) FACS analyses of cell cycle synchronization profile. PI indicates DNA content. Percentage of cells in G1, S and G2/M phases is shown. (**B**) Representative images (left) and quantification (right) showing the number of SLX4 foci (green) per cell and the percentage of foci colocalizing with telomeric DNA (red). IF-FISH was performed using anti-SLX4 rabbit antibody and a telomere-specific PNA (CCCTAA)~3~ probe. (**C**) ChIP analysis of SLX4 at telomeric DNA (Telo probe) or at a control locus (Alu probe) during cell cycle progression. SLX4 ChIP efficiency was calculated as the fraction of telomeric DNA immunoprecipitated with anti-SLX4 rabbit antibody in total DNA. Error bars represent standard deviation from three independent experiments. Phenotypes were compared between two groups using student\'s t test. Significant *P* values are either indicated in red or by an asterisk (\**P* \< 0.0001).](gkv522fig1){#F1}

Genotoxic stress induces SLX4 foci formation and their telomeric association {#SEC3-2}
----------------------------------------------------------------------------

Because significant SLX4--telomere affiliation in S phase alluded to its importance in telomere replication, we further probed into the pattern of SLX4 foci formation and their association with telomeres in HeLa 1.2.11 cells treated with a broad spectrum of genotoxic agents, including those causing replication barriers and delays. These included replication inhibitors aphidicolin and hydroxyurea (HU), DNA interstrand cross-linkers such as mitomycin C (MMC) and DNA alkylating reagents such as methyl methanesulfonate (MMS). The number of SLX4 foci per cell and their colocalization with telomeres significantly increased after exposure to all these genotoxins, albeit to varying degrees (Figure [2A](#F2){ref-type="fig"}). The most substantial increase for not only the number of SLX4 foci per cell but also the fraction of SLX4 foci overlapping with telomeres was observed in aphidicolin-treated cells (Figure [2A](#F2){ref-type="fig"}), re-iterating a role for SLX4 in telomere replication. Furthermore, fluorescence-activated cell sorting (FACS) revealed a relative cell cycle progression block in S phase or its boundaries in response to these treatments (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}), which correlated with the significant SLX4--telomere association in S phase (Figure [1](#F1){ref-type="fig"}) or induced by these treatments (Figure [2A](#F2){ref-type="fig"}). Thus, SLX4 may be involved in counteracting DNA replication challenges and DNA damage at telomeres.

![Genotoxic stress induces SLX4 foci formation and colocalization with telomeric DNA in HeLa 1.2.11 cells. (**A**) Representative IF-FISH image and quantification of SLX4 foci colocalizing with telomeric DNAand (**B, C**) FACS evaluation of cell cycle block after treatment with DNA damage reagents (0.5-μM aphidicolin, 2-mM HU, 0.3-mM MMC or 0.25-mM MMS for 16 h, 20 J/m^2^ UV or 10 Gray IR). Percentage of cells in G1, S and G2/M phases is indicated. Error bars represent standard error from at least three independent experiments, and PI indicates DNA content. Significant *P* values are indicated by an asterisk (\**P* \< 0.0001).](gkv522fig2){#F2}

SLX4 recruitment to telomeres is essential to prevent telomere fragility {#SEC3-3}
------------------------------------------------------------------------

Telomeres resemble genomic common fragile sites (CFS) ([@B16]) and impose an inherent challenge to the DNA replication machinery. In fact aphidicolin-induced replication stress leads to discontinuous telomere signals on metaphase spreads, which have been interpreted as a sign of fragile telomeres ([@B17]). In HT1080 supertelomerase cells, a decrease in SLX4 expression enhances the number of multi-telomeric signals at chromatid ends ([@B18]). Our observations here (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) suggest an important role for SLX4 during and after telomere replication in human cells with long telomeres. Replication-dependent telomere defects, manifested as fragile telomeres, may conceivably be compounded at long telomeres. Hence, we examined the frequency of fragile telomeres by telomere-FISH in long telomere-containing cells (U2OS, telomerase negative; HeLa 1.2.11, telomerase positive), depleted of SLX4. Transient siRNA depletion of SLX4 (Supplementary Figure S1A) in these human cells significantly increased the percentage of fragile telomeres (Figure [3A](#F3){ref-type="fig"} and Supplementary Figure S1B), which was further exacerbated by replication blocking agent aphidicolin (Supplementary Figure S1B, right), highlighting the necessity of SLX4 to avert telomere fragility, both in the absence and presence of exogenous replication stress.

![SLX4 deficiency increases telomere fragility. (**A**) Representative image of telomere-FISH analysis in SLX4-depleted U2OS metaphase spread showing DAPI staining (gray) and telomere fluorescence signals (red). Fragile telomeres are indicated by arrows, and also shown as an enlarged image in the inset. (**B**) Schematic showing interactions within the SLX4 complex. (**C**) Frequency of fragile telomeres in U2OS cells stably expressing shSLX4 RNA, transiently transfected with GFP (vector) or GFP-fusion SLX4 wild-type or mutant proteins. Abbreviations: XBR (XPF-binding region), MBR (MUS81-binding region), SBR (SLX1-binding region) and TBM (TRF2-binding motif). TRF2~F120A~ and SLX4~L1022A~ mutants independently disrupt the SLX4--TRF2 interaction. SLX1~E82A~ is a nuclease-dead mutant of SLX1. SLX4~ΔXBR~, SLX4~ΔMBR~ and SLX4~ΔSBR~ are truncation mutants of SLX4 that specifically abolish interaction of SLX4 with XPF, MUS81 and SLX1, respectively. Error bars represent standard deviation from three independent experiments of each genotype (30 metaphases/genotype/experiment). Frequency of fragile telomeres was compared between two groups using a student\'s t test. Significant *P* values are either indicated in red or by an asterisk (\**P* \< 0.0001).](gkv522fig3){#F3}

As SLX4 assembles a multi-protein toolkit at telomeres (Figure [3B](#F3){ref-type="fig"}) ([@B12]), we probed further to delineate the specificities regarding the SLX4-complex requirement in suppressing telomere fragility. U2OS cells stably expressing SLX4 shRNA were transiently transfected with either GFP-empty vector or GFP-vector carrying the wild-type or respective mutant SLX4 gene. SLX4~ΔSBR~, SLX4~ΔMBR~ and SLX4~ΔXBR~ are truncation mutants of full-length SLX4 that specifically abolish interaction with the nucleases SLX1, MUS81 and XPF, respectively. The SLX4~L1022A~ and TRF2~F120A~ mutants each contain a point mutation that specifically and independently abrogates SLX4--TRF2 interaction and recruitment of SLX4 to telomeric DNA (Figure [3B](#F3){ref-type="fig"}) ([@B12]). Also, as shown in our previous report, transfection of these SLX4 mutants in SLX4-depleted U2OS cells leads to expression of the respective mutant proteins to similar levels as wild-type SLX4 ([@B12]). Whereas telomere fragility was increased in SLX4-depleted cells (vector), expression of wild-type SLX4 or SLX4~ΔMBR~ and SLX4~ΔXBR~ deletion mutants rescued telomere fragility to levels of control (scramble shRNA-transfected cells) (Figure [3C](#F3){ref-type="fig"}). In contrast, expression of the SLX4~L1022A~ or SLX4~ΔSBR~ mutants not only failed to rescue telomere fragility but also further elevated the fragile phenotype (Figure [3A](#F3){ref-type="fig"} and Figure [3C](#F3){ref-type="fig"}), highlighting the requirement of the interactions of SLX4 with TRF2 and SLX1 for preventing telomere fragility. Consistent with this observation, transient transfection of the TRF2~F120A~ mutant in U2OS cells greatly aggravated telomere fragility compared to cells transiently expressing the wild-type TRF2 or the empty vector (Supplementary Figure S1C). Importantly, we have previously shown that in U2OS cells transiently expressing the TRF2~F120A~ mutant, recruitment of SLX4 to telomeres is indeed abolished ([@B12]). Furthermore, transient transfection of U2OS cells with the nuclease-dead fusion complex SLX1~E82A~ − SLX4~WT~ failed to rescue telomere fragility unlike the wild-type fusion complex SLX1~WT~ − SLX4~WT~ (Supplementary Figure S1D), confirming the necessity of nuclease activity of SLX1 in averting telomere fragility. Taken together, these observations strongly suggest that SLX4 is required at telomeres to avert telomere fragility. To perform this function, SLX4 is critically dependent on its interaction with TRF2 and with SLX1; and on the nuclease activity of SLX1.

The SLX1--SLX4 nuclease module resolves telomeric branched DNA intermediates *in vitro* {#SEC3-4}
---------------------------------------------------------------------------------------

Our data suggest a role for SLX4 and its associated nuclease SLX1 in counteracting DNA replication challenges and DNA damage at telomeres. Telomeres are hotspots for the formation of DNA joint molecule intermediates not only during DNA repair but also during normal DNA processing, including replication. Timely progression of telomere repair or normal DNA processing likely necessitates special attention to resolve such structural barriers. Because the SLX1--SLX4 module emerged as a player in telomere replication (Figures [1](#F1){ref-type="fig"}--[3](#F3){ref-type="fig"}) and length homeostasis ([@B12]), we next probed into the mechanistic basis of SLX1-SLX4 in maintaining telomere integrity. We first investigated the efficiency and substrate specificity of SLX1-SLX4 in processing telomeric branched intermediates *in vitro*. We performed nuclease cleavage assays utilizing the C-terminal SLX1-binding region (SBR) of SLX4 purified in complex with the wild-type or nuclease-dead E82A mutant of full-length SLX1 (SLX1~WT~ − SLX4~SBR~ and SLX1~E82A~ − SLX4~SBR~, respectively) (Figure [3B](#F3){ref-type="fig"}) ([@B12]) and various model telomeric DNA substrates constructed from oligonucleotides (Supplementary Figure S2A and Supplementary Table S1). The SLX1~WT~ − SLX4~SBR~ complex cleaved a wide variety of telomeric DNA intermediates, including D-loop \[described in ([@B19])\], splayed arm, 3′- and 5′-flap, replication fork and static HJ, albeit with varying efficiencies (Supplementary Figure S2). In contrast, the nuclease-dead SLX1~E82A~ − SLX4~SBR~ mutant complex showed no detectable cleavage activity (Supplementary Figure S2A), supporting that the cleavage by the wild-type complex is indeed due to nuclease activity of SLX1. Steady state kinetic studies revealed that the SLX1~WT~ − SLX4~SBR~ complex preferentially cleaved the telomeric D-loop and HJ with an initial observed rate constant (*k*~obs~) of 32.6 ± 1.6 min^−1^ and 24.4 ± 0.9 min^−1^, respectively, about 3-fold higher than the *k*~obs~ for the lesser preferred telomeric substrates such as the replication fork, splayed arm or 3′-flap (Supplementary Figure S2B). These results support that *in vitro*, the SLX1--SLX4 module is catalytically competent to nucleolytically process a miscellaneous array of telomeric joint molecule intermediates, preferentially HJs and D-loops, both of which are frequently occurring intermediates in telomere maintenance processes.

D-loops are not only regularly occurring intermediates in telomere repair or other DNA processes, but also an inherent part of the T-loop structure. Previously we had reported that SLX1-SLX4 provides the nuclease activity for processing telomeric D-loops by cleaving the invading strand (DL-IS, Figure S3, left panel) *in vitro* ([@B12]). However, the full mechanism of D-loop resolution, particularly with regard to nicking of the D-loop, was unknown. To address this, here we dissected the pattern of D-loop processing by the SLX1--SLX4 nuclease module. We labeled any one of the three strands of a model telomeric D-loop substrate DL-IS (67 mer), DL-B (93 mer) or DL-T (93 mer) (Supplementary Figure S3). Denaturing gel electrophoresis enabled us to determine nucleolytic cleavage events at each individual strand of the D-loop. Purified SLX1~WT~ − SLX4~SBR~ cleaved DL-IS (Supplementary Figure S3, left panel, lanes 2--4) and both DL-B (Supplementary Figure S3, middle panel, lanes 6--8) and DL-T (Supplementary Figure S3, right panel, lanes 10--12) on opposite sides of the melted bubble at the respective junction with the duplex arm (arrows). This *in vitro* pattern of D-loop cleavage favors the involvement of the SLX1--SLX4 complex in nucleolytic resolution of T-loops (Supplementary Figure S4A and B) ([@B20],[@B21]) and provides mechanistic insight into how this process may proceed *in vivo*.

Telomeric DNA-binding proteins negatively regulate nucleolytic processing of telomeric joint molecules by the SLX1--SLX4 complex {#SEC3-5}
--------------------------------------------------------------------------------------------------------------------------------

While on the one hand telomeric joint molecule intermediates such as D-loops/T-loops and HJs must be processed and removed for progression of telomere maintenance processes, on the other hand the formation of T-loops is believed to sequester telomere ends from being recognized as DNA damage ([@B1]). Thus, unregulated nucleolytic activity on such telomeric intermediates constitutes a formidable threat to telomere and hence genome integrity. Moreover, because telomeres must be distinguished from double-strand breaks, repair proteins, including nucleases, must be differently regulated at telomeres ([@B22]). We thus questioned if inherent telomeric DNA-binding proteins TRF1 and TRF2, which are known to play a key role in telomere maintenance ([@B1]), could contribute toward regulation of the SLX1--SLX4 nuclease activity at telomeres.

We first confirmed that *in vitro*, purified TRF1 and TRF2 bound to our model telomeric D-loop and HJ substrates under SLX1--SLX4 nuclease cleavage reaction conditions. Incubation of both telomeric D-loop and HJ substrates with either TRF2 or TRF1 led to shift in substrate mobility on a native gel in electrophoretic mobility shift assays (EMSAs) (Supplementary Figure S5A). As observed in this study and by others previously ([@B19],[@B23]--[@B25]), it is technically challenging to investigate DNA-binding by TRF2, because of retention of most of the DNA--TRF2 complex in the wells and due to lack of detectable product at low TRF2 concentrations (Supplementary Figure S5A). Nonetheless, analyses of our EMSA results showed comparable binding constants (*K*~d,\ app~) of TRF2 and TRF1 with each of the telomeric substrates (D-loop and HJ) (Supplementary Figure S5A).

We then pre-bound the telomeric substrates (D-loop or HJ) with increasing concentrations (0--60 nM) of either TRF1 or TRF2, followed by nuclease cleavage reactions with catalytic amounts (0.5 nM) of purified SLX1~WT~ − SLX4~SBR~. We analyzed the extent of TRF2 or TRF1 protection by separately quantifying amount of all product bands formed and also the amount of uncleaved substrate on a native gel (Figure [4A](#F4){ref-type="fig"} and [E](#F4){ref-type="fig"}). The fraction of cleaved products or uncleaved substrate did not show significant changes at low concentrations of TRF2 or TRF1 \[1:1 or 1:2 molar ratios of (SLX1~WT~ − SLX4~SBR~:TRF2 or TRF1)\], both for the telomeric D-loop (Figure [4A](#F4){ref-type="fig"}--[D](#F4){ref-type="fig"}) and the HJ (Figure [4E](#F4){ref-type="fig"}--[H](#F4){ref-type="fig"}). However, at higher concentrations of TRF2 or TRF1 \[1:10 or higher molar ratios of (SLX1~WT~ − SLX4~SBR~:TRF2 or TRF1)\], protection of telomeric substrates by TRF2 or TRF1 (both in terms of cleaved products and uncleaved substrate) reached as high as 60--90% (Figure [4A](#F4){ref-type="fig"}--[D](#F4){ref-type="fig"} for D-loop and Figure [4E](#F4){ref-type="fig"}--[H](#F4){ref-type="fig"} for HJ). Thus, at higher concentrations, both TRF2 and TRF1 limit the extent of SLX1~WT~ − SLX4~SBR~ nuclease activity on telomeric substrates *in vitro*, implying that the extent of substrate protection offered by TRF2/TRF1 may depend on the amount of these proteins bound to telomeres at any given time. Because the purified SLX1~WT~ − SLX4~SBR~ complex lacked the TRF2-binding domain (TBM) of SLX4 (Figure [3B](#F3){ref-type="fig"}) ([@B12]), we wondered if the SLX4--TRF2 interaction would impact the observed trend of TRF2/TRF1 protection on nucleolytic processing of telomeric substrates. To address this possibility, we exogenously expressed both wild-type and full-length SLX1 and SLX4, co-immunoprecipitated the complex (SLX1~WT~ + SLX4~WT~) and used it to perform similar TRF2/TRF1 protection experiments as described above. Higher concentrations of pre-bound TRF2 (or TRF1, data not shown) resulted in substrate protection and inhibition of cleavage of both telomeric HJ and D-loop by the immunoprecipitated (SLX1~WT~ + SLX4~WT~) complex (Supplementary Figure S5B, HJ, lanes 1--6; D-loop, lanes 7--12), consistent with results from experiments with purified SLX1~WT~ − SLX4~SBR~. Thus, telomeric substrate protection rendered by pre-bound TRF2/TRF1 is unlikely to be affected by the SLX4--TRF2 interaction.

![Telomeric DNA-binding proteins limit SLX1--SLX4-sponsored processing of telomeric branched DNA forms *in vitro*. (**A--D**) Telomeric D-loop and (**E--H**) telomeric HJ are protected from nucleolytic cleavage by the purified SLX1~WT~ − SLX4~SBR~ complex *in vitro*. Representative native gel images (A, E) and quantification of cleaved products (B, C and F, G) and uncleaved substrate (D, H) in the presence of increasing concentrations (0--60 nM) of TRF2 or TRF1. The substrate (0.5 nM) was pre-bound to TRF2 or TRF1 on ice for 5 min, followed by addition of 0.5-nM purified SLX1~WT~ − SLX4~SBR~ complex. S, substrate (D-loop or HJ); P1 and P2, products of HJ cleavage; P3, P4 and P5, products of D-loop cleavage; Total, total cleaved products formed due to substrate (D-loop or HJ) cleavage.](gkv522fig4){#F4}

Since inhibition of telomeric substrate processing was observed in the presence of TRF2 or TRF1, we sought to further validate if this negative regulation of nuclease activity was dependent on telomeric DNA substrate binding by TRF2/TRF1. TRF1 and TRF2 share a similar architecture, characterized by a TRF homology (TRFH) and a C-terminal Myb DNA-binding domain ([@B1]). The TRFH domains of TRF2 and TRF1 have almost identical three-dimensional structures ([@B26]). Since both the N-terminal basic domain and the C-terminal Myb domain of TRF2 have been implicated in DNA-binding ([@B27],[@B28]), we used the TRF2~TRFH~ domain to assess the requirement of substrate interaction. When we pre-incubated purified TRF2~TRFH~ domain (unable to bind telomeric DNA) with the telomeric substrates, it did not affect nucleolytic digestion of the substrates by the SLX1--SLX4 complex (Supplementary Figure S5C, compare lanes 4 and 5 with lane 2), implying that in the absence of physical telomeric DNA-binding by TRF2, the active site of the SLX1--SLX4 module continues to have access to the substrates. Furthermore, neither TRF2 (Supplementary Figure S5C, compare lanes 7 and 8) nor TRF1 (Supplementary Figure S5C, compare lanes 10 and 11) affected nucleolytic processing of a non-telomeric substrate (HJ) by purified SLX1~WT~ − SLX4~SBR~, signifying that the limitation on nuclease activity of SLX1-SLX4 by TRF1 and TRF2 is specific for telomeric substrates. Together, these data indicate that *in vitro*, the telomeric DNA-binding shelterin proteins TRF1 and TRF2 impose a rein on SLX1--SLX4-sponsored nucleolytic resolution of telomeric joint molecules by physical blocking of telomeric DNA, thereby plausibly contributing to regulation of telomere recombination. This TRF2-dependent restraint on SLX1--SLX4 nuclease activity *in vitro* may also include contribution from the basic N-terminal domain of TRF2 ([@B18],[@B29]).

TRF2 is instrumental in recruiting SLX4 to telomeres via its TRFH domain. Mutation in a key residue (SLX4~L1022A~) disrupts the SLX4--TRF2 interaction and the telomeric localization of SLX4 ([@B12]). We questioned if the SLX4--TRF2 interaction is also important for the nuclease activity of the SLX1--SLX4 complex. Exogenously expressed wild-type SLX1 together with either wild-type SLX4 or SLX4~L1022A~ mutant (incapable of interacting with TRF2) (Figure [3B](#F3){ref-type="fig"}) was purified from human cells via co-immunoprecipitation. While both complexes contained comparable amounts of SLX1 and SLX4, significantly less amount of TRF2 was pulled down in the mutant complex (SLX1~WT~ + SLX4~L1022A~) as compared to the wild-type complex (SLX1~WT~ + SLX4~WT~) (Supplementary Figure S6A). Because the SLX1--SLX4 complex (both purified and immunoprecipitated) cleaves telomeric and non-telomeric HJ with similar efficiencies (data not shown), we used a non-telomeric HJ to compare the activities of the wild-type and mutant SLX4 complexes. This substrate would exclude the substrate-binding effect of any TRF2 pulled down in these complexes, and hence would enable us to exclusively assess the effect of SLX4--TRF2 interaction on the nuclease activity of the SLX1--SLX4 complex. We observed similar nuclease activities of these two SLX4 complexes on this substrate (Supplementary Figure S6B), suggesting that although the SLX4--TRF2 interaction is critical for the recruitment of SLX4 to telomeres, it may not be important for the nuclease activity of the SLX1--SLX4 complex. Thus, these data converge toward a dual role for TRF2 in regulating HR at telomeres: on the one hand, the direct interaction of SLX4 with TRF2 is critical for recruiting the SLX4-nuclease complex to telomeres; on the other hand, telomeric DNA-bound TRF2 (and TRF1) may restrain rampant SLX4-nuclease activity on telomeric HR intermediates, thereby potentially avoiding critical shortening or undesirable loss of telomeres. A balance between these different functions of TRF2 and TRF1 may ensure regulated nucleolytic processing of telomere joint molecule intermediates *in vivo*.

Helicase activity of BLM suppresses nuclease activity of SLX1-SLX4 in processing telomeric HR intermediates *in vitro* {#SEC3-6}
----------------------------------------------------------------------------------------------------------------------

T-loops and intermediates of T-SCE bear resemblance to HR intermediates and are therefore in danger of being inappropriately processed by the SLX4-nuclease complex. In fact T-loop HR, plausibly involving nucleolytic resolution of the HJ and the D-loop, could potentially cause T-loop sized telomere loss and thus formation of extrachromosomal TCs ([@B20],[@B21]). Hence, careful regulation of T-loop HR is imperative for telomere maintenance. Among the RecQ helicases, BLM has been shown to be critical in telomere maintenance, and loss of function of BLM helicase in Bloom\'s syndrome patient cells causes several telomere defects ([@B30]--[@B32]). Since BLM dissolves telomeric HR intermediates ([@B33]), we questioned if this activity could constitute a potential regulatory mechanism to keep SLX4-nuclease complex-sponsored telomeric HR in check. To address this, we first assayed processing of the model telomeric D-loop substrate, labeled on DL-IS (Figure [5A](#F5){ref-type="fig"}) *in vitro*. Native gel analysis revealed that wild-type BLM alone unwound and displaced the full-length invading strand (DL-IS) from the duplex (Figure [5A](#F5){ref-type="fig"}, lane 2). In the presence of purified SLX1~WT~ − SLX4~SBR~ complex alone (Figure [5A](#F5){ref-type="fig"}, lane 3), or coimmunoprecipitated (SLX1~WT~ + SLX4~WT~) complex alone (Figure [5A](#F5){ref-type="fig"}, lane 8), we observed telomeric D-loop nucleolytic cleavage products. Interestingly, in the presence of both wild-type BLM and purified SLX1~WT~ − SLX4~SBR~ (Figure [5A](#F5){ref-type="fig"}, lanes 4--6) or coimmunoprecipitated (SLX1~WT~ + SLX4~WT~) (Figure [5A](#F5){ref-type="fig"}, lane 7), only the intact invading strand (DL-IS) was observed. Similar results were obtained for a four-way static HJ substrate. In the presence of wild-type BLM (Supplementary Figure S7, lane 2), helicase-dependent products (the two-way junction and single-stranded species) were detected. In the presence of purified SLX1~WT~ − SLX4~SBR~ complex alone, the expected nicked duplex cleavage product was detected (Supplementary Figure S7, lane 5). However, in the presence of both purified SLX1~WT~ − SLX4~SBR~ complex and wild-type BLM, only helicase-dependent products were detected (Supplementary Figure S7, lane 3). Thus, these results indicate that *in vitro*, the helicase activity of BLM enables suppression of nuclease activity of SLX1-SLX4 in processing telomeric D-loops and HJs. This alludes to a BLM helicase-dependent negative regulatory mechanism for SLX1--SLX4 nuclease activity during telomeric HR.

![SLX4-nuclease complex-sponsored processing of telomeric HR intermediates is negatively regulated by the helicase BLM. (**A**) Representative native gel image showing that BLM suppresses SLX1--SLX4 complex-catalyzed nucleolytic resolution of telomeric D-loops *in vitro*. Reactions contained 0.5-nM radiolabeled substrate, along with 10-nM purified wild-type BLM alone (lane 2), or 2-nM purified SLX1~WT~ − SLX4~SBR~ complex alone (lane 3), or 0--10-nM purified BLM together with 2-nM purified SLX1~WT~ − SLX4~SBR~ complex (lanes 4--6). Lanes 8 and 7 contained co-immunoprecipitated (Myc-SLX1~WT~ + HA-SLX4~WT~) complex alone or together with 10-nM purified BLM. The heat-denatured substrate is indicated as ΔS. The intact invading strand is indicated as DL-IS. S, substrate (D-loop); P3, P4 and P5, products due to nucleolytic cleavage of D-loop. (**B**) Representative gel electrophoresis image and quantification of a Ф29 polymerase-dependent TCA assay in U2OS cells transiently depleted of SLX4 alone, or BLM alone, or both. TC levels were normalized to the control of U2OS/scramble siRNA cells. Error bars were calculated from triplicate data. (**C**) Representative image and frequency of T-SCEs in U2OS cells transiently depleted of SLX4 alone, or BLM alone, or both, assayed by CO-FISH. Chromosome ends exhibiting T-SCE have been indicated by arrows in the image. A representative normal and T-SCE positive chromosome (encircled) have been enlarged. Error bars represent standard deviation from three independent experiments of each genotype (30 metaphases/genotype for CO-FISH). TC, telomere circle; TRF, telomere restriction fragment; TCA, telomere circle amplification; T-SCE, telomere sister chromatid exchange.](gkv522fig5){#F5}

BLM helicase-depleted cells exhibit enhanced SLX4-dependent TC formation and T-SCE {#SEC3-7}
----------------------------------------------------------------------------------

To test the functional significance of the interplay between BLM and SLX4 in controlling telomere recombination, we analyzed two relevant telomere recombination events *in vivo*---formation of TCs and T-SCEs. We analyzed TC formation under conditions of depletion of SLX4 or BLM alone, and both in U2OS cells (Supplementary Figure S7B). For this purpose, we used a Ф29 DNA polymerase-dependent T-circle amplification (TCA) assay ([@B15]). Depletion of SLX4 alone led to dwindling levels of TCs in U2OS cells as compared to control (scramble si-RNA-treated cells). In contrast, transient depletion of BLM alone led to a significant increase in TC formation. However, the TC level was restored to that of control when SLX4 and BLM were co-depleted, signifying that enhanced TC formation in BLM-deficient cells is dependent on the SLX4-nuclease complex (Figure [5B](#F5){ref-type="fig"}). These data suggest that T-loop HR and TC formation in U2OS cells is suppressed in the presence of BLM. This is possibly attributable to the predominant unwinding of telomeric D-loop by the helicase activity of BLM. But, deficiency of BLM induces SLX4-nuclease complex sponsored nucleolytic resolution of telomeric D-loops, leading to augmented TC formation.

T-SCE is also dependent on the SLX4-associated nucleases in human cells ([@B12],[@B34]). To confirm our *in vitro* observation that proficiency of BLM helps suppress nucleolytic processing of telomeric HR intermediates by SLX4-SLX1, SLX4 was depleted in U2OS cells in both BLM-proficient and deficient backgrounds (Supplementary Figure S7B) and analyzed for T-SCE events via chromosome orientation FISH (CO-FISH) (Figure [5C](#F5){ref-type="fig"}). Depletion of SLX4 in the BLM-proficient background moderately diminished T-SCEs (0.25 and 0.09 events/chromosome in scramble and SLX4-depleted cells, respectively). Depletion of BLM alone led to greatly increased T-SCEs (0.25 and 0.68 events/chromosome in scramble and BLM-depleted cells, respectively). This increase was dramatically suppressed by further exhaustion of SLX4 (0.68 and 0.07 events/chromosome in BLM alone and SLX4/BLM-depleted cells, respectively) (Figure [5C](#F5){ref-type="fig"}). This provides *in vivo* evidence that enhanced T-SCEs in BLM-deficient cells are indeed dependent on SLX4, and reinforces that when BLM is functional, SLX4-catalyzed telomeric recombination is subdued.

DISCUSSION {#SEC4}
==========

Telomeres are an indispensable element of genome stability, and defects or delays in telomere maintenance processes have been associated with development of several diseases including bone marrow failure and cancer ([@B35]). However, telomeres are inherently challenging regions of the genome. Owing to their highly repetitive sequence and unique architecture, telomeric DNA is a hotspot for the formation of unusual DNA intermediates during normal DNA processes, including length homeostasis, recombination and replication. It is conceivable that the longer the telomeres are, the greater is the severity of replication and other challenges. In fact very long telomeres may be prone to replication slippage and stalled replication forks, which have been proposed to be deleterious for the cell ([@B36],[@B37]). The shelterin complex together with several accessory proteins ([@B1]), including the SLX4-assembled nuclease complex, protects and maintains mammalian telomeres ([@B12],[@B13]).

Because SLX4 mostly locates to telomeres in human cells harboring long telomeres ([@B12]), we propose that the SLX4-nuclease toolkit performs essential functions beyond DNA repair in these cells. SLX4 is a genuine telomere accessory complex, particularly at long telomeres that require greater attention of joint intermediate-resolving enzymes for their replication and maintenance. As the occurrence of long telomeres varies among human cell types, we employed human cells possessing a high frequency of long telomeres as a model to test the hypothesis. Consistent with our hypothesis, we observed that in these human cells, SLX4 association with telomeres varies in a cell cycle phase-dependent manner, peaking in late S phase (Figure [1](#F1){ref-type="fig"}). A pronounced S-phase cell cycle arrest was observed after subjecting cells to replication stress, which interestingly correlated with significant increase in SLX4 foci formation and telomere association, as compared to untreated cells (Figure [2](#F2){ref-type="fig"}). Dysregulation of the SLX4-nuclease complex leads to an increase in multiple broken telomeric signals on metaphase spreads assayed by Telomere-FISH (Figure [3](#F3){ref-type="fig"}). Such structural aberrations in telomeres are believed to arise out of defects in replication (represented as fragile telomeres) and/or alterations in packaging of telomeric chromatin ([@B17]). Notably, SLX4--telomere association exhibited significant increase in late S phase. It has been reported that mammalian telomere replication may occur in two phases (one in S phase and another later) ([@B38]), raising the possibility that completion of telomere replication does not occur until late S or S/G2 phase ([@B39]). In addition, end processing of mammalian telomeres is also believed to last several hours after replication ([@B40]). Thus, it is possible that SLX4 functions in telomere replication and/or other telomere processes, e.g. telomere maturation and trimming. Furthermore, SLX4 also appears to be important for regulating telomere recombination, evident from SLX4-sponsored TC formation or T-SCE events in BLM-deficient cells (Figure [5](#F5){ref-type="fig"}).

Because of the high frequency of irreparable DNA lesions ([@B41]) and formation of unusual DNA intermediates including D-loops and HJs at telomeres, processing of these alternative forms of DNA is a common necessity for unhindered progression of telomere replication and other telomere maintenance processes. The shelterin protein TRF2 plays a significant role in telomere protection. One of the ways it does so is by recruiting and coordinating several non-shelterin enzymatic activities capable of processing unusual joint intermediates at telomeres ([@B1]). In a previous report, we found that the SLX4-nuclease toolkit is recruited to telomeres via direct interaction between the TRF2-binding motif (TBM) of SLX4 (SLX4~TBM~) and the TRFH domain of TRF2 (TRF2~TRFH~) ([@B12]). And indeed, in this study we find that the SLX1--SLX4 nuclease module is catalytically competent in processing a wide array of joint telomeric DNA intermediates *in vitro*, with kinetic preference for D-loops and HJs. *In vivo*, we find that disruption of the SLX4--TRF2 and SLX4--SLX1 interactions and nuclease activity of SLX1 lead to significant exacerbation of telomere fragility, suggesting that in order to alleviate telomere replication difficulties, SLX4 depends on TRF2 to localize the nuclease complex to telomeres and particularly requires the nuclease activity of SLX1. We speculate that nucleolytic activity of the SLX1--SLX4 complex may be required for processing joint molecule intermediates at telomeres that have high propensity to form such intermediates in normal maintenance processes during and after replication. It is noteworthy that TRF2 also recruits the 5′-3′ exonuclease Apollo to telomeres in S phase, when it is believed to repress aberrant telomeric intermediates (and hence DNA damage signals) during telomere replication ([@B9],[@B10]). Interestingly, the TBM of Apollo (Apollo~TBM~) is conformationally identical to SLX4~TBM~, and both bind to TRF2~TRFH~ in a similar fashion ([@B12],[@B42]). While the exonuclease activity of Apollo has been proposed to contribute to strand resection of telomeric DNA during replication ([@B10]), the endonuclease complex assembled on SLX4 may be important for resolving joint telomeric DNA intermediates such as D-loops and HJs formed during telomere maintenance processes.

While the nucleases are indispensable for unperturbed telomere maintenance, their unregulated activity is a formidable threat to telomere integrity and genome stability. Hence, in our quest to investigate possible regulatory mechanisms to keep SLX4-nuclease kit activity at human telomeres in check, we first focused on the protectors of telomeres, TRF1 and TRF2. On the one hand, we find that *in vitro*, both TRF1 and TRF2 limit SLX1-SLX4-sponsored nucleolytic processing of telomeric joint molecule intermediates (Figure [4](#F4){ref-type="fig"}). This effect is dependent on telomeric DNA-binding ability of TRF2 (Figure [4](#F4){ref-type="fig"} and Supplementary Figure S5), suggesting that such a telomeric substrate protection effect could potentially serve as a rein on rampant nuclease activity by the SLX4 complex. On the other hand, we know that TRF2 recruits the SLX4 complex to telomeres via its TRFH domain ([@B12]), although this protein--protein interaction between SLX4 and TRF2 may not be as important for the nuclease activity of the SLX1--SLX4 complex *in vitro* (Supplementary Figure S6B). How to consolidate these apparently different effects of TRF2? The explanation may lie in the multiple ways in which TRF2 not only caps telomeres but also regulates telomere processing by recruiting and orchestrating several enzymatic activities at telomeres including the SLX4 complex. TRF2 uses its TRFH domain as a docking site for several telomere accessory factors, including nucleases such as the SLX4-nuclease complex ([@B12]) and Apollo ([@B9],[@B10]); and the helicases such as RTEL1 ([@B8]), and the RecQ helicases WRN and BLM ([@B1]). Most of these accessory proteins recruited by TRF2 are known for their roles in processing joint molecule DNA intermediates, and could be potential threats to telomere integrity as well, if left unchecked. To counteract this threat, TRF2 may negatively regulate the activities of these recruited factors. For example, as shown in Figure [4](#F4){ref-type="fig"}, using its telomeric DNA-binding ability, TRF2 limits endonuclease activity of the SLX4-nuclease complex on telomeric substrates *in vitro*. TRF2 has also been reported to use its DNA-binding ability to limit exonuclease activity of the WRN helicase ([@B19]), and its N-terminal basic domain to repress the endonucleases GEN1 ([@B29]), MUS81 and SLX1 ([@B18]) on telomeric substrates. Interestingly, it has been reported that *in vivo*, binding of TRF2 and its residence time at telomeres is highly dynamic ([@B43]). Whereas one fraction of TRF2 binds to telomeres transiently, another fraction binds to telomeres more stably. The transiently binding fraction of TRF2 is believed to be involved in telomere maintenance processes that require fast adaptation in recruiting and regulating nucleases and other DNA repair proteins to telomeres. The more stably residing fraction of TRF2 at telomeres is believed to be important for chromosome end protection. Thus, it is plausible that *in vivo*, a balance between these different effects of TRF2 ensures optimal but regulated nucleolytic processing of telomeric joint molecule intermediates (Supplementary Figure S4C). We speculate that factors contributing to this fine balance may involve cell cycle phase-dependent events such as variable association of these non-shelterin accessory factors with telomeres; phosphorylation-based regulation of enzymatic activity of these proteins ([@B44]); and control of telomeric nucleosome spacing and chromatin organization by TRF2 ([@B45]).

The second negative control mechanism we propose for the SLX4-nuclease complex activity at telomeres involves the RecQ family helicase BLM. It is important to note that BLM is believed to act on late telomere replication intermediates such as D-loops and HJs, which are also substrates for the SLX4-nuclease complex. Human cells lacking BLM have been shown to exhibit telomere defects ([@B32]). We considered if the telomeric instability observed in BLM deficient cells could be attributed, in part, to unregulated nucleolytic cleavage activity by the SLX4-nuclease complex. Our *in vitro* and *in vivo* evidence indicate that in the presence of both BLM and SLX1-SLX4, telomeric HR intermediates are preferentially processed by BLM. In addition, BLM-deficient human cells exhibit a marked increase in T-SCE and TC formation, both of which are suppressed by loss of SLX4 function (Figure [5](#F5){ref-type="fig"}). This suggests that under normal circumstances, human cells may employ BLM to dissolve telomeric HR intermediates. However, in the absence of functional BLM, the SLX4-nuclease complex compensates to nucleolytically resolve the remaining/persistent telomeric HR intermediates, resulting in increased T-SCEs and TC formation (Supplementary Figure S4C). It is noteworthy that telomeric localization of BLM ([@B32]) and the SLX4 complex (Figure [1](#F1){ref-type="fig"}) peak in late S phase, alluding to the importance of the helicase-dependent unwinding of T-loops and other telomeric joint molecules to serve as a negative regulatory mechanism to check SLX4-nuclease complex-dependent processing of telomeric intermediates. Besides BLM, the helicase activity of RTEL1 protein has been suggested to unwind G-quadruplexes and T-loops ([@B8],[@B46]). Interestingly, however, RTEL1 has also been reported to impact telomere integrity in a telomerase-dependent manner in human cells ([@B47]). In addition, it is significant that non-telomeric roles of RTEL1 have been linked to diseased states. For example, the RING domain of RTEL1 was shown to be important for ribonucleotide protein trafficking between the nucleus and cytoplasm, defects in which have been suggested to contribute to the pathology of Hoyeraal--Hreidarsson syndrome, a severe form of dyskeratosis congenita ([@B48],[@B49]).

In conclusion, in this study we provide novel insight into the specific elements of the SLX4 complex that are required for telomere replication and maintenance, and the mechanism and regulation of the same. We envision long telomeres facing greater telomere replication and processing challenges in terms of unusual intermediates. We thus propose that the SLX4 complex is a *bona fide* telomere-associated maintenance toolkit at long telomeres that in conjunction with other shelterin and non-shelterin accessory factors protects telomere integrity. We speculate that whenever long telomeres are generated/detected in a cell, the requirement for SLX4 increases at these longer telomeres. Hence we anticipate that in cells with a high frequency of long telomeres (e.g. hTERT-induced cells, germline, activated T-cells or ALT cells), the SLX4-nuclease complex may experience a functional and localization shift, at least partially, from being primarily a genomic repair toolkit to a telomere accessory maintenance complex. Furthermore, we predict that similar mechanisms of SLX4 function may be applicable to other inherently challenging genomic regions that frequently require resolution of joint DNA intermediates, such as CFS, for unhindered progression of normal DNA processing and DNA damage repair dynamics.
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